Many enzymes involved in secondary metabolism were detected, including cytochrome P450-dependent monooxygenases, which potentially catalyze the final steps in the quinonemethide triterpene biosynthesis. In conclusion, we report for the first time a proteomic study of a cell culture system that is an effective elicitor of quinonemethide triterpene production.
Introduction
Plants produce a wide variety of secondary metabolites (SMs) of high structural complexity and pharmacological importance. As the chemical synthesis of several of these SMs is not economically feasible, their isolation from plants still represents the only option. On the other hand, producing a range of these SMs from plants, even using biotechnological techniques (e.g., in vitro tissue cultures), is still limited due to the lack of knowledge on both their biosynthetic pathways and regulation (Oksman-Caldentey and Inzé 2004; Lippmann et al. 2009 ).
Fortunately, advances in the field of "omics" have enabled the exploration and understanding of a variety of biological processes at the molecular level, and, among these technologies, proteomics has proven to be an efficient and powerful tool for revealing insights into plant secondary metabolism (Martínez-Esteso et al. 2015) .
The first and most crucial step in proteomics-based research into plant secondary metabolism is the choice of suitable plant materials rich in the SMs of interest. Cell cultures have been considered to be the ideal biological material for these approaches. This is due to their cultivation capabilities and, mainly, their compatibility with tissues and organs specialized in the biosynthesis of particular SMs, which occurs in cell cultures or can be induced through the elicitation of stress under laboratorycontrolled conditions. In fact, most proteomic studies on secondary metabolism have been carried out with cell cultures elicited by methyl jasmonate (MeJA) because is known to induce all classes of SMs (terpenes, alkaloids, phenylpropanoids) (Zhao et al. 2005; Pauwels et al. 2009; Spitzer-Rimon et al. 2010) . Other elicitors, such as salicylic acid, chitosan, yeast extract also have been tried in these types of studies (Martínez-Esteso et al. 2015; Yue et al. 2016) .
The medicinal plant Maytenus ilicifolia Mart ex Reissek (Celastraceae) fits perfectly into this scope. It produces various classes of bioactive SMs (Corsino et al. 2000; Gutiér-rez et al. 2007; de Souza et al. 2008; Mossi et al. 2009; dos Santos et al. 2012; Jardim et al. 2015) , including the antimicrotubule agent maytansine (Ahmed et al. 1981) , which, when linked to the monoclonal antibody trastuzumab (as an antibody-drug conjugate), was recently approved to treat HER2-positive metastatic breast cancer (Newman and Cragg 2016) .
Maytenus ilicifolia also biosynthesizes quinonemethide triterpenes (QMTs), a class of SMs that displays a range of biological activity (dos Santos et al. 2010 Gullo et al. 2012) , including potent cytotoxic activity against a series of cancer cell lines (Oramas-Royo et al. 2010; Paz et al. 2013; Choi et al. 2016) .
Despite the well-known pharmacological potential of QMTs, there is a considerable limitation for their studies related to their low concentration in Celastraceae species due to the QMTs showing restricted accumulation in root bark (Buffa Filho et al. 2004; Coppede et al. 2014) . In addition, their syntheses require a large number of steps and still result in a low overall yield (Camelio et al. 2015) . Thus, the production of this class of compounds in plant cell cultures seems to be the most viable alternative since they are richer sources of QMTs when compared to the plant material (Buffa Filho et al. 2004; Coppede et al. 2014) .
In this study, we carried out proteomic profiling of M. ilicifolia cell cultures with and without increased concentrations of QMTs by elicitation with MeJA. The goals of this work were to identify the main proteins involved in the regulation of secondary metabolism in such cell cultures and generate new insights into secondary metabolism in M. ilicifolia, focusing on the biosynthesis of QMTs. We identified a variety of enzymes involved in the biosynthetic pathways of the secondary metabolites of Maytenus ilicifolia, showing that cell cultures are a promising system to explore new pathways related to some classes of natural products of interest. In addition, we aim to provide the first proteomic study of this plant species.
Materials and methods

In vitro plant materials
Callus of M. ilicifolia from the leaves (Pereira et al. 1994) was maintained in vitro for 12 years with periodic transfer to semi-solid MS culture medium (Murashige and Skoog 1962) supplemented with sucrose (30 g/l), 2,4-dichlorophenoxyacetic acid (2,4-D, 1.0 mg/l), kinetin (0.5 mg/l) and monopotassium phosphate (KH 2 PO 4 , 340 mg/l). The medium was adjusted to pH 6.0 and solidified with 2.5 g/l Phytagel ® prior to autoclaving at 121 °C for 15 min. The cultures were maintained at 25 ± 2 °C and exposed to light for a 16 h photoperiod at a photosynthetic photon flux density of 20-70 mmol/m 2 s. For initiating cell suspension cultures, callus of M. ilicifolia (after 60 days of growth) was transferred to 250-ml Erlenmeyer flasks (4 g/flask) containing 60 ml of same culture medium described above (without the addition of Phytagel ® ). The flasks were kept on an orbital shaker at 100 rpm under the same light conditions mentioned above.
Cell culture elicitation
After 7 days of incubation, the cell cultures were treated with MeJA (Sigma-Aldrich) (dissolved in EtOH/H 2 O, 1:1, v/v) at a final concentration of 100 µM. The controls received equivalent volumes of solvents (100 µl). After 6, 12, 24, 48 and 96 h of incubation, MeJA-elicited cells (MECs) and non-elicited cells (control cells, CCs) were filtered under reduced pressure through filter paper, washed with H 2 O, frozen in liquid N 2 and stored at −80 °C for further analyses (phytochemical and proteomic). Experimental work was performed in triplicate with three repetitions (n = 9) of each sampling point.
Preparation of extracts
Aliquots of all frozen cells from M. ilicifolia were lyophilized, pulverized under liquid N 2 and sonicated in dichloromethane (100 mg fresh weight/1 ml solvent) for 20 min (3 times) at room temperature. Next, the samples were filtered through a 0.45 μm nylon membrane under vacuum and evaporated to dryness. The extracts were resuspended in MeOH/H 2 O (99:1, v/v) and subjected to solid-phase extraction (SPE) with cartridges (SampliQ Agilent ® ) (3 ml) containing 500 mg of C 18 silica gel (particle size of 40 μm) preconditioned with MeOH and MeOH/H 2 O (99:1, v/v). Cartridges were eluted with 4 ml of MeOH/ H 2 O (99:1, v/v) and the eluates were evaporated to dryness. Then, the samples were resuspended in MeOH/H 2 O (83:17, v/v; concentrations of 0.5, 1.0 or 2.5 mg/ml), filtered through a 0.22 μm nylon membrane filter, and assayed by high-performance liquid chromatography-diode array detection (HPLC-DAD).
QMTs analysis
Analysis of QMTs in cell extracts of M. ilicifolia were accomplished using the method described by Paz et al. (2013) with a few modifications. The samples were analyzed on an HPLC system from Shimadzu (Kyoto, Japan), namely, an LC-10-AVP instrument equipped with an SIL-10AF autoinjector, an SPD-M20A photodiode array detector, and a Phenomenex Luna ® C 18 column (Torrance, CA, USA; 250 mm × 4.6 mm i.d.; particle size of 5 µm). The mobile phase was MeOH/H 2 O/formic acid (83:17:0.1, v/v/v), and elution was carried out in isocratic mode for 20 min at a flow rate of 1.2 ml/min. The injection volume was 20 µl for the samples and the chemical standard; detection was conducted at wavelengths of 254 and 420 nm. Maytenin (1) and 22β-hydroxy-maytenin (2) 
Protein extraction
In this experiment, we used both MECs and their respective CCs that showed the greatest difference in the accumulation of QMTs [both (1) and (2)] between them after 48 h of incubation. Frozen cells (2 g) were ground in liquid N 2 using a precooled mortar and pestle. Ten milliliters of extraction buffer [10 mM ammonium acetate (pH 6.7), 20% (w/v) polyvinylpolypyrrolidone (PVPP), 10 mM dithiothreitol (DTT), 1 mM ethylenediaminetetraacetic acid (EDTA)] containing a cocktail of protease inhibitors (cOmplete Mini Protease Inhibitor Cocktail tablets, Roche Diagnostics, Mannheim, Germany) was added into each sample. The obtained solutions were manually homogenized by light shaking for 15 min at 4 °C, filtered through cheesecloth, centrifuged (10 min, 13,000 g, 4 °C) and transferred to a new tube. Total protein concentration was determined by following the Bradford (1976) method using bovine serum albumin as a standard.
In-solution protein digestion
Crude protein extracts from the M. ilicifolia cultures (250 µg) were solubilized in 50 mM ammonium bicarbonate (NH 4 HCO 3 ; containing 7.5 M urea, pH 7.9) for 60 min at 37 °C for denaturation and then reduced with 10 mM DTT at 37 °C for 60 min. After this treatment, the proteins were alkylated with 40 mM iodoacetamide at 25 °C for 60 min in the dark. The samples were diluted fivefold with 100 mM NH 4 HCO 3 , pH 7.8, and sufficient amounts of calcium chloride (CaCl 2 ) was added to the samples until a final concentration of 1 mM was reached. Non-autolytic trypsin (Promega) was added to the denatured protein solution (with trypsin/protein, 1:50, w/w) for 18 h at 37 °C. The enzymatic digestion was stopped by adding of 5 μl of formic acid and freezing the solution using liquid nitrogen. Digested samples were desalted using a Sep-Pak C18 column (Waters) conditioned with ACN, rinsed with 1 ml of 0.1% TFA, and washed with 3 ml of 0.1% TFA/H 2 O. Peptides were eluted from the Sep-Pak column with 1 ml of 0.1% TFA/80% ACN and concentrated using a SpeedVac until it was completely dry. The digested samples were stored at −80 °C until analysis; the tryptic peptides were solubilized in 50% ACN and submitted to LC-IT-TOF/MS and MS n analysis.
LC-IT-TOF/MS
MS and MS n analyses were conducted on a hybrid system, where a UFLC (Prominence) was connected online to an IT/TOF MS (ion trap/time-of-flight mass spectrometer) instrument (Shimadzu, Kyoto, Japan) equipped with an electrospray ionization source. The UFLC system was composed of two LC20AD pumps, an SIL 20 AHT automatic injector, an SPD M20A diode array detector and a CTO 20A column oven. The LC system was connected to a Shim-pack XR-ODS column (100 mm × 3 mm i.d.; particle size of 2.2 µm; average pore diameter of 120 Å) and subjected to a gradient of acetonitrile [containing 0.05% (v/v) TFA] from 5% (v/v) to 90% (v/v) over 90 min at 30 °C. The elution of the tryptic peptides was monitored by UV absorption at 214 nm with a flow rate of 0.2 ml/min. Mass spectrometric analyses were carried-out using positive electrospray ionization (ESI + ) mode under the conditions described as follows: the CDL temperature was adjusted to 200 °C, 4.5 kV was the voltage of capillaries, 3.5 V was set for the cone lens, the flow rate of the nebulizer gas (N 2 ) was approximately 1.5 l h and the drying gas (N 2 ) was at a flow rate of 100 l/h. Mass spectra were continuously acquired in the range of m/z 200-4000. The MS n spectra were obtained using the same parameters as the MS experiments. Argon (Ar) was used as the collision gas at a pressure of 100 kPa. The ions formed in the MS n experiments were trapped for 50 msec in an ion trap using a collision energy of 50% and frequency of 30 kHz. The data were acquired and analyzed using LCMS solution software (Shimadzu).
Protein identification
The MS and MS n data were combined to search with a taxonomic restriction of Viridiplantae (green plants) against the National Center for Biotechnology Information non-redundant protein database (NCBInr; http://www. ncbi.nlm.nih.gov, containing 2,562,600 sequences, 27 Nov 2014) and Swiss-Prot protein database (http://www.isb-sib. ch/, containing 35,737 sequences, 27 Nov 2014) using the Mascot algorithm 2.2.06 (Matrix Science, London, UK, http://www.matrixscience.com/). Search parameters were set as follows: taxonomy Viridiplantae, enzyme selected as trypsin, two maximum missing cleavage sites allowed, peptide mass tolerance of 0.5 Da for the MS and 0.5 Da for the MS n spectra, carbamidomethyl (C) specified as a fixed modification, and methionine and tryptophan oxidation were specified as variable modifications.
Bioinformatics analysis
The proteins identified by Mascot were functionally annotated according to gene ontology (GO) terms (into biological processes, molecular functions, and cellular components) and enzyme commission (EC) using Blast2GO software (v 3.0) (Götz et al. 2008 ) and verified manually from the Universal Protein Resource (UniProt) database (http://www.uniprot.org/). Briefly, the sequences of the proteins identified by mass spectrometry were downloaded from UniProt (saved as FASTA files) and analyzed by Blast2GO with the default parameters. Additionally, the sequences with corresponding EC numbers obtained from the annotation were mapped onto the Kyoto encyclopedia of genes and genomes (KEGG) pathway database (http:// www.genome.jp/kegg/pathway.html).
Results and discussion
MeJA elicitation and QMTs accumulation
HPLC-DAD analyses confirm that the in vitro cell cultures of M. ilicifolia produce (1) and (2) (Fig. 1a) at various concentrations during all incubation periods measured (0, 6, 12, 24, 48 and 96 h) in both MECs and CCs (Supplementary Table A) . However, the point of greatest difference in the accumulation of QMTs between the MECs and CCs occurred after 48 h of incubation. At this point, the concentrations of (1) and (2) in the MECs were 2.12 and 3.07 times higher, respectively, than in the CCs (Fig. 1b) .
Protein profile
The proteomic profile of the in vitro cell suspension cultures of Maytenus ilicifolia changed considerably after elicitation with 100 μM MeJA. Plants subjected to stress, such as those elicited with MeJA, induce an active plant stress response, including a profound reorganization of plant proteome (Kosová et al. 2014) . Using the software Mascot to search proteins with a taxonomic restriction of Viridiplantae (green plants) against the NCBInr and Swiss-Prot databases, we detected a total of 1345 proteins in M. ilicifolia cells. Among these, 26 were equally detected in the MECs and CCs, while 709 and 610 were differentially detected in the MECs and CCs, respectively.
The annotation of protein function and their cellular location is imperative to understand their role at molecular level (Shekhar et al. 2016) , and therefore, the identified proteins were subjected to Blast2GO analysis. Among the proteins found in the MECs and CCs, 518 and 450 proteins, respectively, were functionally annotated (GO annotation). By predicting subcellular localization, the highest number of proteins were localized in the membrane (19.9% in CCs and 22.0% in MECs), followed by the nucleus (16.2% in CCs and 13.1% in MECs), cytoplasm (10.4% in CCs and 9.9% in MECs), plastid (9.4% in CCs and 14.5% in MECs), intracellular (10.1% in CCs and 8.1% in MECs), mitochondrion (4.7% in CCs and 3.1% in MECs) and plasma membrane (4.4 in CCs and 3.1% in MECs) (Fig. 2a) .
Proteins with molecular functions had the highest number of GO terms related to protein binding (17.8% in CCs and 15.9% in MECs), followed by binding (13.8% in CCs and 10.9% in MECs), nucleotide binding (13.4% in CCs and 13.9% in MECs), hydrolase activity (10.7% in CCs and 11.2% in MECs), catalytic activity (10.1% in CCs and 9.7% in MECs), DNA binding (6.9% in CCs and 5.1% in MECs) and transferase activity (5.8% in CCs and 5.1% in MECs) (Fig. 2b) .
Regarding biological processes, the highest number of proteins from both cell cultures (CCs and MECs) were associated with the metabolic process (14.3% in CCs and 13.9% in MECs), followed by the cellular process (12.6% in CCs and 11.0% in MECs), biosynthetic process (11.1% in CCs and 10.0% in MECs), nucleobase-containing compound metabolic process (9.8% in CCs and 9.3% in MECs), cellular protein modification process (6.0% in CCs and 6.4% in MECs), transport (5.1% in CCs and 5.7% in MECs), carbohydrate metabolic process (4.3% in CCs and 4.6% in MECs) and response to stress (3.7% in CCs and 3.3% in MECs) (Fig. 2c) .
Proteins with catalytic features were further classified, and the classes of the enzymes present in the cell cultures could be revealed. The enzyme distribution (Fig. 3) shows that hydrolases accounted for the largest proportion in both the CCs and MECs of M. ilicifolia enzymes, followed by transferases, oxidoreductases, lyases, isomerases and ligases.
Enzymes involved in the biosynthesis of SMs
By focusing on the biosynthetic pathways directly involved with secondary metabolites, some enzymes considered to be the manufacturers of terpenes were identified (Fig. 4) , including isopentenyl-diphosphate delta-isomerase I (EC 5.3.3.2), which is involved in the isomerization of isopentenyl pyrophosphate (IPP) to dimethylallyl pyrophosphate (DMAPP) and is considered the key enzyme in the construction of all terpenes (Dewick 2009 ). Interestingly, IPP and DMAPP are synthesized by two well-characterized metabolic pathways: the mevalonate (MVA) pathway, which is generally involved in the biosynthesis of sesquiand triterpenes, and the 2-C-methyl-d-erythritol 4-phosphate (MEP) pathway, which is involved in the biosynthesis of mono-and diterpenes that are compartmentalized in the cytosol and plastids, respectively (Van Cutsem et al. 2011 ). Among these, only the MVA pathway was shown to be active in the in vitro system in proteomic analysis (Fig. 4) . In this regard, recent research reported by our group has shown that QMTs are biosynthesized by the MVA pathway (Pina et al. 2016) .
The bifunctional enzyme farnesyl pyrophosphate synthase 2 (FPS2, EC 2.5.1.1 and 2.5.1.10) and squalene monooxygenase-like (EC 1.14.13.132, transferred in 2015 to EC 1.14.14.17) were detected in MECs and CCs, respectively. These enzymes are involved in the biosynthetic pathway sequences to produce 2,3-oxidosqualene, which corroborated the possible biosynthesis of triterpenes regarding cyclization steps catalyzed by oxidosqualene cyclases (OSCs), showing their possible involvement in the biosynthesis of QMTs in the in vitro system (Fig. 4) .
The cyclization of oxidosqualene in plants is one of the most complex reactions known for terpene biosynthesis (Wendt 2005; Phillips et al. 2006; Abe 2007 ). However, we have not identified any OSC in the cell cultures of M. ilicifolia. Investigations conducted by our research group with the species M. aquifolium and Salacia campestris (both Celastraceae) showed that friedelin (a friedelane triterpenoid) is the precursor of the QMTs (Corsino et al. 2000) . Thus, we expected to find a cyclase enzyme that could form (directly or indirectly) a friedelane triterpene, such as, for example, friedelin synthase (FS, EC 5.4.99.50). FS is an OSC cloned from the plant Kalanchoe daigremontiana that is responsible for the cyclization of 2,3-oxidosqualene (at various stages) to friedelin (Su et al. 2010) . Once synthesized, friedelin undergoes sequential oxidation steps and is converted into QMTs. Cytochrome P450-dependent monooxygenases (CYP450s) are good candidates for the oxidative processes. They are known to perform this type of modification of secondary metabolites. We found nine CYPs of yet unknown function (Supplementary Table S1 ) that could be responsible for the last stages of the formation of the QMTs.
The fact that we have found only a small number of enzymes involved in the biosynthesis of QMTs is related to the gaps remaining in this pathway for which the catalysis is unknown. Furthermore, a large percentage of proteins found in this study had an unknown function in GO analysis. This highlights the limit of proteomic approaches that rely on databases having many non-annotated proteins or enzymes with very general annotations (e.g., oxidoreductases), which can act upon more differentiated metabolic pathways. This can be further aggravated in the case of secondary metabolism, which is much less well characterized than primary metabolism (Champagne et al. 2012) .
In addition, the results lead to the prediction of several enzymes involved in important metabolic pathways of secondary metabolism (Fig. 4) . The shikimate pathway, which links the metabolism of carbohydrates to the biosynthesis of aromatic compounds (Herrmann and Weaver 1999) in plants, is important for both protein biosynthesis and for secondary metabolism (Guo et al. 2014) . The end products and many intermediates of this pathway serve as precursors for plant hormones and for a large variety of secondary metabolites (e.g., alkaloids, benzenoids, and phenylpropanoids, including lignin). This seven-step metabolic route leads from phosphoenolpyruvate and erythrose 4-phosphate to chorismate, the common precursor for the biosynthesis of folic acid, ubiquinone, aromatic amino acids (l-phenylalanine, l-tyrosine and l-tryptophan) and other metabolites (Dewick 1995; Weaver and Herrmann 1997; Herrmann and Weaver 1999) . Our results demonstrate that this pathway is active in M. ilicifolia. In the CCs was found a bifunctional enzyme with 3-dehydroquinate dehydratase/shikimate dehydrogenase (DQD/SDH, EC 1.1.1.25 and 4.2.1.10) activity, which catalyzes the third and fourth steps of this pathway (the conversion of shikimate from 3-dehydroquinate via 3-dehydroshikimate). In the MECs, we detected isochorismate synthase (ICS, EC 5.4.4.2) , an enzyme responsible for the isomerization of chorismate to isochorismate (an S N 2′-type of reaction), which is the immediate precursor of the well-known salicylic acid (Wildermuth et al. 2001) . Also in the MECs, we identified one enzyme with o-succinylbenzoate-CoA ligase (EC 6.2.1.26) activity, which converts o-succinylbenzoate (OSB), an intermediate formed from chorismate, to OSBCoA after four enzymatic steps. These intermediaries have been implicated in the biosynthesis of a wide range of plant SMs (Dewick 2009; Yamazaki et al. 2013) .
Related to phenylpropanoid pathway, we have found in the MECs phenylalanine ammonia-lyase (PAL, EC 4.3.1.24), the first key enzyme in this pathway; it catalyzes the deamination of l-phenylalanine to form transcinnamic acid (Vogt 2010) . The phenylpropanoid pathway is a secondary metabolism pathway responsible for producing flavonoids (as well as a variety of other important metabolites, including lignins, coumarins, phytoalexins, and stilbenes) (Harakava 2005) . In the CCs was detected the cinnamyl-alcohol dehydrogenase 1 (CAD1, EC 1.1.1.195), which catalyzes the NAPDH-dependent reduction of cinnamyl aldehydes (p-coumaryl, coniferyl and sinapyl) to form their corresponding cinnamyl alcohols (monolignols) (Kutsuki et al. 1982; Deng et al. 2013) . From oxidative coupling reactions governed by class III peroxidases (plant peroxidases), monolignols are polymerized to form lignins (Ralph et al. 2004) . In cultures of M. ilicifolia (in both the CCs and MECs) we have found ten peroxidases of this group (EC 1.11.1.7) capable of polymerizing the cinnamyl alcohols (p-coumaryl, coniferyl and sinapyl) to form their corresponding lignins (p-hydroxyphenyl, guaiacyl and syringyl lignin). Several works have reported the direct implication of CAD and POD enzymes in lignin biosynthesis in the cell suspension cultures of many plant species (Messner and Boll 1993; Negrel and Javelle 1995; Koutaniemi et al. 2005; Sasaki et al. 2006) . Lignin biosynthesis occurs during the differentiation of distinct cell types in different tissues/organs of a plant and, beyond ensuring proper cellular function, also occurs in response to environmental changes (Weng and Chapple 2010; Barros et al. 2015) .
In addition to being a precursor of the phenylpropanoids, as discussed above, l-tyrosine can follow a different pathway and be oxidized to 3,4-dihydroxy-l-phenylalanine (l-Dopa) by polyphenol oxidase (PPO, EC 1.10.3.1), which was found in the CCs of M. ilicifolia. Transcriptomic studies of different tissues of Panax notoginseng have demonstrated that the gene encoding PPO is involved in isoquinoline alkaloid biosynthesis (Liu et al. 2015) . Another enzyme found in the MECs, arginine decarboxylase (ADC, EC 4.1.1.19), has been shown to be associated with tropane alkaloid biosynthesis in plant in vitro cultures (Georgiev et al. 2013) .
Also related to amino acid metabolism, we have found in the CCs branched-chain-amino-acid aminotransferase (BCAT, EC 2.6.1.42). BCATs play a crucial role in the metabolism of leucine, isoleucine, and valine (branchedchain amino acids, BCAA) (Diebold et al. 2002) , which are important compounds not only for their function as the building blocks of proteins but also because they serves as precursors of several SMs in plants (Rizhsky et al. 2004) .
To summarize, the proteome showed enzymes involved in pathways that lead to the biosynthesis of the major metabolites of the Maytenus ilicifolia species: enzymes involved in the MVA pathway, which lead to the formation of the QMTs and sesquiterpene moiety of the sesquiterpene pyridine alkaloids; enzymes involved in the amino acid pathway, which lead to the formation of the nitrogenous portion of the pyridine alkaloids; and enzymes involved in the acetyl-coenzyme A and phenylpropanoid pathways, 
Enzymes involved in the biosynthesis of precursors of secondary metabolites
In the central metabolic pathway that provides energy and generates precursors for the synthesis of primary and secondary metabolites (Plaxton 1996) , i.e., glycolysis, we have detected fructose-bisphosphate cytoplasmic (EC 4.1.2.13) in both cells (the CCs and MECs) and hypothetical protein ZEAMMB73_453652 (EC 2.7.1.11) in the CCs. Among the proteins in the MECs, we have detected the enzyme that catalyzes the reversible dehydration of 2-phosphoglycerate to phosphoenolpyruvate (PEP) in glycolysis, enolase (2-phospho-d-glycerate hydratase, EC 4.2.1.11). Genes encoding plant enolases have been cloned from diverse plant species (Blakeley et al. 1994; Forsthoefel et al. 1995; Fox et al. 1995; Lal et al. 1998) . PEP formed through the enolase reaction represents a central metabolite in plant primary and secondary metabolism and has different possible fates (Voll et al. 2009 ). It not only can serve as precursor for the biosynthesis of aromatic amino acids in the shikimate pathway but can also be converted to pyruvate by pyruvate kinase (PK, EC 2.7.1.40), another enzyme detected in the MECs. In addition to these fates, PEP can undergo a β-carboxylation in the presence of HCO 3− to yield inorganic phosphate (Pi) and oxaloacetate using Mg 2+ as a cofactor. An enzyme able to govern this irreversible reaction, phosphoenolpyruvate carboxylase (EC 4.1.1.31), was detected in the CCs of M. ilicifolia. It is part of an essential anaplerotic reaction and is needed to replenish the tricarboxylic acid (TCA) cycle when organic acids are being used as building blocks for the synthesis other biomolecules (Voll et al. 2009 ). Another enzyme also found in this study (in the CCs), malate dehydrogenase (EC 1.1.1.37), also enables the formation of oxaloacetate, this time using (S)-malate as the substrate. In addition to malate dehydrogenase, in the CCs was detected another enzyme that also acts in the TCA cycle, a predicted protein with isocitric dehydrogenase (EC 1.1.1.41) activity.
In terms of the acetyl-CoA pathway, an enzyme capable of catalyzing one of the more important reactions within this route, chloroplast carboxyltransferase alpha subunit (acetyl-CoA carboxylase activity, EC 6.4.1.2) was found in the MECs. This enzyme catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, which is considered the first committed step of fatty acid biosynthesis in many organisms (Radakovits et al. 2010) . Two more enzymes involved in fatty acids biosynthesis were detected in the MECs, delta(12) fatty acid dehydrogenase (EC 1.14.99.33) and stearoyl- [acyl-carrier-protein] 9-desaturase 4, chloroplastic (EC 1.14.19.2). The latter effects the induction of double bonds at specific positions in fatty acids of defined chain lengths (Cahoon et al. 1997 ). Many other important enzymes for primary and secondary metabolism were detected in the cell cultures of M. ilicifolia in the present work, including difunctional riboflavin kinase/phosphatase FMN (EC 2.7.1.26 and EC 2.7.7.2), NADH dehydrogenase subunit F (EC 1.6.99.3) and alcohol dehydrogenase I (EC 1.1.1.1). Beyond them, several enzymes involved in other essential functions, such as the starch and sucrose metabolisms and synthesis of proteins, nucleotides, primordial amino acids, hormones and others.
Proteins related to stress
The proteome plays an important role in plant stress responses since proteins are directly involved in virtually all types of biotic or abiotic stress. Generally, stress factors induce profound alterations in the protein network covering signaling, energy metabolism, protein metabolism and several other biosynthetic pathways (Kosová et al. 2014) . In the present work, according to the functional annotation of the two protein datasets of cell cultures of M. ilicifolia (CCs and MECs), 50 proteins were categorized into the GO term "response to stress" (Supplementary Table S1 and S2). For instance, in the CCs were detected CBLinteracting serine/threonine-protein kinase 7 (CIPK7) and 11 (CIPK11). Transcriptomic analysis have shown that the genes CIPK7 and CIPK11 are involved in the response to low temperature (cold stress) in several plants (Huang et al. 2011; Ren et al. 2014; Yang et al. 2015) .
We also have found ten peroxidases (PODs, EC 1.11.1.7), nine and one in the CCs and MECs, respectively, which are included in the list of the most important antioxidant enzymes reported to respond to oxidative stress (Demidchik 2015) . Even under normal environmental conditions, plants generate reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), superoxide anion radical (O 2 ·− ), hydroxyl radical ( · OH) and singlet oxygen ( 1 O 2 ), and virtually all environmental stresses induce over-production and accumulation of these molecules. Plants have developed a sophisticated defense mechanism of enzymatic antioxidants to fight against elevated reactive oxygen species (ROS) levels and scavenge them from cells (Demidchik 2015) . Other proteins that play important roles in plant stress also were found in the M. ilicifolia cells, including beta-insoluble isoenzyme cwinv1, nodulin 25 family protein, bifunctional riboflavin, kinase fmn hydrolase, acidic 27 kDa endochitinase precursor, alpha-partial, abc transporter g family member 22, peroxidase 70-like, and others (Supplementary Table S1 and S2).
Conclusion
This study showed the production in high concentration of the QMTs maytenin (1) and 22β-hydroxy-maytenin (2) in the cell culture of Maytenus ilicifolia, which was elicited using methyl jasmonate. In addition, the first proteomic report on the secondary metabolism of a Maytenus ilicifolia cell culture was obtained. The elicitation caused a large variation in the protein composition while still not fundamentally changing its profile at a functional level. In addition, we also observed that the secondary metabolic pathways of the cells were preserved after elicitation. Analyses of both cells, elicited and non-elicited, were complementary in the detection of enzymes involved in the QMT pathway and in the discovery of uncharacterized CYP450 enzymes that potentially catalyze the ultimate steps in the biosynthesis of the QMTs maytenin (1) and 22β-hydroxymaytenin (2). In addition, a significant amount of information at the proteome level has been gathered and, taken together, offers interesting possibilities to empower natural product drug discovery through biotechnology techniques, including metabolic engineering.
